Introduction
Rhodopsins occur in Archaea, Bacteria, and Eukarya. Using a chromophore, rhodopsins sense light of certain wavelengths. In Archaea, this captured light is employed to pump protons or chloride ions across the membrane and to create an electrochemical gradient, which powers cellular machineries. Other archaeal rhodopsins sense light for phototaxis. 1 In vertebrates, rhodopsins function primarily as sensory proteins and account for vision. 2 Archaeal and eukaryal rhodopsins show common structural motifs; they are embedded in the membrane bilayer and have seven transmembrane α-helices surrounding the light-sensitive retinal. However, the oligomeric assembly of rhodopsins in Archaea and Eukarya differs and ranges from monomeric, to dimeric, to trimeric forms, which supposedly have structural and functional origins. 1, 3, 4 The recent discovery of rhodopsins in bacteria [proteorhodopsin (PR)] came after the sequence analysis of a cloned genome region from a marine bacterium of the uncultivated SAR86 clade. 5 Subsequent DNA screening of microorganisms from different oceans revealed a very large diversity of PR belonging to divergent clades of the Alphaproteobacteria and Gammaproteobacteria classes. [6] [7] [8] [9] [10] [11] Two related PR families that absorb light with different absorption maxima, ≈ 525 nm (green) and ≈ 490 nm (blue), were found, and their distribution was shown to be stratified with water depth. A single amino acid at position 105 functions as a spectral tuning switch and seems to account for most of the spectral difference between green-absorbing PRs and blue-absorbing PRs. 10 The phototrophy conferred by PR can provide critical amounts of energy not only for respiration and maintenance but also for active growth of marine bacterioplankton in their natural environment. 12 This potential to complement their chemotropic lifestyle by phototrophy has evolutionarily favored these oceanophilic microbial organisms and the wide oceanographic distribution of PR genes. 6, [13] [14] [15] PRs overproduced in Escherichia coli have further established that PR functions as a light-driven proton pump with the potential to generate energy for cell growth and maintenance. 5, 9, 16 PR is a light-driven proton pump like bacteriorhodopsin from archaeabacteria. 1, 17 In contrast to PR, the structure-function relationship of bacteriorhodopsin and its homologues, the light-driven chloride pump halorhodopsin 18 and sensory rhodopsin, 3 has been studied at molecular resolution. So far, the only structural insights available for PR have been revealed from spectroscopic studies and modeling. 19, 20 Recent low-resolution structural data revealed from two-dimensionally crystallized PR suggested a hexagonal lattice constant of ≈ 8.7 nm, 21 showing a symmetric ringlike arrangement. 22 Initial solid-state NMR studies focused on the characterization of retinal and Schiff base. 23 Here, we show high-resolution atomic force microscopy (AFM) topographs of green PR reconstituted into the lipid bilayer. These topographs show oligomers of PRs assembled in a two-dimensional lattice and densely packed in the membrane. Single-molecule force spectroscopy (SMFS) shows PRs to unfold via similar structural intermediates as observed for bacteriorhodopsin and halorhodopsin. This suggests that all three rhodopsins have almost identical folding and three-dimensional structures.
Results and Discussions
Two-dimensional PR crystals show larger unit cell size than bacteriorhodopsin AFM imaging of reconstituted PR membranes in buffer solution (Fig. 1a) showed crystalline (*) and densely packed (**) regions. At high resolution, the surface of the two-dimensional PR crystals revealed donut-like structures arranged in a hexagonal lattice of 8.8 ± 0.7 nm (mean ± SD; n = 30) side length (Fig.  1b) , which agrees well with the low-resolution electron microscopy analysis of the same crystals. 22 These donut-like structures featured pronounced protrusions extending 0.9 ± 0.3 nm (n = 50) above the lipid surface. In comparison, the hexagonal lattice of bacteriorhodopsin trimers in native purple membrane patches shows a side length of ≈ 6.2 nm 24 with single bacteriorhodopsin molecules protruding between ≈ 0.5 and 0.8 nm from the lipid bilayer. 25 The hexagonal unit cell of the purple membrane lattice covers an area of 16.64 nm 2 , hosting three bacteriorhodopsin molecules. In contrast, the area covered by the unit cell of the hexagonal PR lattice is 33.53 nm 2 . It was suggested that the secondary structures of PR and bacteriorhodopsin are very similar. 19 Thus, the unit cell of the PR lattice would provide sufficient space to accommodate up to six PR molecules instead of three as observed for bacteriorhodopsin. Recent calculations suggested ≈ 24,000 PR molecules per SAR86 cell. 26 Packed into a densely packed crystalline lattice, such as observed for purple membrane, this would make a 600-nm-diameter flat circular patch covering a significant portion of a cell surface. Therefore, the half packing density of PR would cover twice the area of the cell membrane. Hence, the enhanced size of the PR donuts leads to the question whether they reflect the oligomeric state of trimers, tetramers, pentamers, or hexamers.
Most of the donut-shaped molecules observed in the high-resolution AFM images (N90%) of the crystalline PR patches showed the same diameter (Fig. 1b) . The donuts showed an average diameter of 4.3 ± 0.3 nm (n = 83) and, in most cases, six protrusions, which became clearly visible after correlation averaging (Fig. 1d) . In contrast, some donut-like shapes exhibited smaller diameters (Fig. 1b , compare circles) and less than six protrusions. However, from these topographs, it could not be unambiguously answered how many PR molecules have established the protrusions.
The oligomeric assembly of PR
High-resolution AFM of the noncrystalline areas of the reconstituted membrane patches showed densely packed PR oligomers (Fig. 2a) . The highest protrusions of these oligomers extended 1.3 ± 0.2 nm (n = 50) from the surface of the lipid bilayer. The majority of oligomers (N 90%) observed were circular, with their protrusions being equally distributed at the outer circle diameter. Surprisingly, individual oligomers exhibited either six (Fig. 2b) or five (Fig. 2c) protrusions, thus showing either 6-or 5-fold symmetries. In rare cases, incomplete oligomers missed a single subunit or more (Fig. 2, dotted  ellipse) . The surface area occupied by a PR molecule ≈ 2 × 3 nm 2 matches that observed for bacteriorhodopsin 25 and halorhodopsin. 27 This suggested that the PR oligomers observed represented either pentamers or hexamers. We further conclude that the hexagonal PR crystals imaged (Fig. 1) predominantly showed hexameric oligomers of PR.
PR, bacteriorhodopsin, and halorhodopsin show similar folding
After imaging of the crystalline PR patches, the AFM was switched to SMFS. The stylus was then pushed onto the membrane surface, applying a moderate force of ≈1 nN for about 1 s. This forced the polypeptide of single PR molecules to adsorb to the AFM stylus. 28 Upon withdrawal of the stylus, we recorded the AFM cantilever deflection over distance, resulting in force-distance (F-D) curves. 28 In about 5% of all cases, the F-D curves showed interaction spectra distributed over a length of ≈ 65-70 nm (Fig. 3a) . We superimposed 30 of these F-D curves (Fig. 3b) to enhance common details among the single-molecule experiments. Previously, identical procedures applied to native bacteriorhodopsin and halorhodopsin 27, 29 showed that the individual force peaks of the F-D spectrum represent the sequential unfolding of single structural segments. 28 Structural segments such as transmembrane α-helices or polypeptide loops establish unfolding intermediates. The SMFS unfolding pattern of PR showed no significant differences to that of bacteriorhodopsin 29 and halorhodopsin. 27 This observation strongly suggested that all three light-driven ion pumps fold into very similar secondary structures with seven transmembrane α-helices.
How does PR assemble?
The different oligomeric dimensions of bacteriorhodopsin and PR are clarified when the averaged AFM topographs showing the hexagonal lattice of bacteriorhodopsin trimers from native purple membrane (Fig. 4a ) 25 and of reconstituted PR hexamers (Fig. 4b ) are compared. The superimposed outline of bacteriorhodopsin molecules 24 indicates their tangential assembly into trimers, forming the hexagonal lattice of purple membrane. Singlemolecule unfolding experiments (Fig. 3) together with sequence alignments 19 suggest that PR, bacteriorhodopsin, and halorhodopsin exhibit similar secondary structures. Thus, we superimposed the outline of bacteriorhodopsin onto the PR hexamer as well. It became clear that if PR shows the same fold as bacteriorhodopsin, the hexameric oligomer could not provide sufficient space to host tangentially assembled PR molecules such as observed for the bacteriorhodopsin trimer. The only way to fit six PR molecules into the hexamer would be to arrange them in a radial manner (Fig. 4) . Although the average topographs strongly suggested that all six PR molecules were oriented similarly in relation to the hexamer, the resolution was not sufficient to answer the question whether all six PR molecules pointed toward the inside or the outside of the hexameric center (Fig. 4) .
Discussion
With increasing depth of the ocean, the light available to activate PR becomes rapidly depleted. To convert as much light as possible into a transmembrane proton gradient, planktonic bacteria express a high number (≈ 24,000) of PR molecules. 26 This proton gradient has been shown to be sufficient to power the bacteria. 12, 16 Light-adapted PR contains about 40% 13-cis and 60% all-trans-retinal, a ratio that is shifted to almost exclusive all-trans in darkadapted PR. 19, 23, 31, 32 Both ratios and the relatively Red curves are fits using the worm-like chain model. The three main peaks detected at pulling distances correspond to stretched polypeptide lengths of 88, 148, and 219 amino acids. These distances denoting unfolding intermediates of the PR structure match those measured for bacteriorhodopsin (248 amino acids) and halorhodopsin. [27] [28] [29] [30] SMFS was conducted in buffer solution (150 mM KCl and 20 mM Tris-HCl, pH 7.8) at a pulling velocity of 87 nm/s. slow photocycle of PR 33 support the finding that a high number of PR molecules are required to convert sufficient amounts of solar energy to power the bacteria. Such a high number of PR molecules must be packed densely to prevent them from consuming too much space within the cellular membrane. This includes that PR assembles into oligomers. In the case of bacteriorhodopsin and rhodopsin, it has been shown that their oligomeric assembly enhances their structural stability. 1, 4, 34 Because intramembranous contacts between membrane proteins and their exposure to varying lipid compositions may modulate their function, the homo-oligomerization provides PRs a stable environment and ensures their continuous functionality over an extended range. 35 In contrast to bacteriorhodopsin and rhodopsin, we have observed the oligomeric state of PR being reconstituted into a lipid bilayer and not in the native cell membrane. However, the reconstitution of PR into different lipids under many different conditions resulted almost every time in the formation of twodimensional crystals such as observed here. 22 Thus, it is safe to assume that the tendency to assemble into hexamers is intrinsic to the PR structure.
The AFM topographs show that all PRs within the oligomer exposed identical surface features and thus showed similar orientations relative to the membrane plane. Moreover, all PR molecules within the donut-shaped oligomer must be somehow assembled into a radial symmetric arrangement. We could not resolve whether the PR molecules point with their chromophore inside or outward to the oligomeric center. Spectroscopic characterization of the PR photocycle, NMR spectroscopy, and homology modeling suggested that the retinal is oriented and interacts differently with PR compared to bacteriorhodopsin and sensory rhodopsin II. 19, 20, 23, 33 Although we do not know yet the exact orientation of the retinal with respect to the cell membrane, the radial distribution of PR around one center may also include functional requirements. As light in the sea is polarized, the radial distribution of chromophores may enhance the probability of one out of six differently oriented PR to absorb light and to contribute to the life-supporting proton gradient. Assuming a homogeneous distribution of such hexameric PRs within the cell membrane, the average light absorption would be independent of the orientation of the bacterial cell to the incident polarized light and a proton gradient would be homogeneously generated over the cell membrane.
Materials and Methods

Materials
All-trans retinal was obtained from Sigma-Aldrich, unlabeled amino acids and nucleotide bases for the defined medium were from AppliChem, LB medium was from Roth, and 1,2-dioleolyl-sn-glycero-3-phosphocholine (DOPC) was from Avanti Polar Lipids. n-Dodecyl-β-D-maltoside was obtained from AppliChem, n-octyl-β-D-glucopyranoside was from GLYCON Biochemicals GmbH, Triton X-100 was from AppliChem, and Ni-NTA agarose was from Qiagen.
Expression and purification of PR
Expression of wild-type PR was essentially done as described elsewhere. 19, 23 The cells were grown in LB medium with 50 μg/ml kanamycin. The cells were induced at an OD 578 of 0.8 with 1 mM IPTG and 0.7 mM of all-trans-retinal (dissolved in ethanol). Overexpression 25 Outlined bacteriorhodopsin shapes were adapted from sections close to the cytoplasmic surface of BR trimers obtained from electron crystallographic analyses. 24 (b) Crystallized PR hexamers. Assuming that each of the six protrusions represents one PR molecule, the proton pumps must be assembled radially to fit into the oligomer. Outlines in white and blue show two out of many possible orientations of the PR molecules. Averaged topographs exhibit a full gray level corresponding to a vertical scale of 2 nm.
was achieved by a further incubation at 37°C for 3-4 h and was visually observed by a pink color change of the cells. The cells were harvested by centrifugation, and cells were broken using a Constant Systems cell disrupter at 1.5-2 kbar. The recovered membrane pellet was solubilized with 1.5% n-dodecyl-β-D-maltoside overnight. Detergent-solubilized PR (supernatant) was obtained by ultracentrifugation and was incubated with Ni-NTA beads for approximately 1 h. After the protein was thoroughly washed, it was finally eluted in 0.2% Triton X-100. Purity of preparation was checked on SDS-PAGE, UV-Vis spectroscopy, and gel filtration.
Reconstitution and crystallization
DOPC in chloroform was dried in a stream of nitrogen for about 30 min followed by vacuum drying. Lipid was solubilized in 2% n-octyl-β-D-glucopyranoside dissolved in equilibration buffer (20 mM 4-morpholineethanesulfonic acid and 300 mM NaCl, pH 6.0) at a concentration of 5 mg/ml and sonicated until clear. PR was reconstituted at a very low lipid-to-protein ratio of ∼ 0.25 (w/w). Typical crystalline preparations 22 involved slow detergent removal by dialysis with the aid of dialysis tubes (14 kDa cutoff) against excess of dialysis buffer (50 mM Tricin, 100 mM NaCl, 10 mM MgCl 2 , 3 mM NaN 3 , 5 mM DTT, pH 8.5, and 7.5% methyl-2,4-pentanediol). The dialysis buffer was changed every day, and the crystalline samples were obtained after 7 days. These samples were then used for measurements.
High-resolution AFM imaging
Reconstituted PR membranes were adsorbed onto freshly cleaved mica in buffer solution (300 mM KCl, and 20 mM Tris-HCl, pH 8.0). 36 After this, the sample was washed with imaging buffer (150 mM KCl, 20 mM MgCl 2 , and 20 mM Tris-HCl, pH 8.5) to remove weakly attached membranes. The AFM used was a Nanoscope III (Digital Instruments, Santa Barbara, CA) equipped with a J-scanner (≈ 100 μm) and an oxide-sharpened Si 3 N 4 stylus on a cantilever with a nominal spring constant of ≈0.1 N/m (OMCL TR-400-PS, Olympus, Tokyo, Japan). Contact mode AFM imaging was performed by electrostatically damping the forces applied locally between the AFM stylus and protein membrane to ≈ 50 pN. 37 Such low forces prevented possible deformations of the protein by the scanning AFM stylus. 25 Topographs recorded in trace and retrace scanning directions showed no significant differences, confirming that the protein surface was not disturbed by the scanning process of the AFM. All measurements were carried out at room temperature.
SMFS
The protein membrane was first imaged by AFM to mechanically unfold individual PRs using SMFS. Then, the AFM stylus was brought into contact with the membrane protein surface. Applying a constant force of ≈ 1-1.5 nN for ≈ 1 s ensured that one terminal end of the protein attached to the stylus via nonspecific interactions. 27, 28, 30 Separation of the stylus and membrane stretched this molecular bridge and exerted a force at the protein, leading to its unfolding. The F-D spectra recorded during the unfolding process showed characteristic patterns similar to those previously assigned to the unfolding of one bacteriorhodopsin molecule 29, 30 or to the unfolding of one halorhodopsin molecule 27 by pulling from the C-terminal end. The first 20 nm of the F-D traces exhibited higher noise compared to the remaining trace due to nonspecific AFM stylus-sample interactions. 29, 30 Thus, force peaks lying within this region are masked by noise and show higher deviations compared to peaks detected at separations above 20 nm.
